Background
While the pathophysiology of tumor progression and metastasis is complex, a fundamental step in the process is the ability of neoplastic cells to initiate proteolysis. 1 Degradation of basement membranes (BM) and the extracellular matrix (ECM) is necessary for cancer cells to breach natural tissue barriers, migrate, invade, and induce microenvironmental remodeling and angiogenesis. [1] [2] [3] A growing body of evidence has indicated that serine proteases and metalloproteinases are key extracellular proteolytic enzymes that are overexpressed in many solid tumors of several species, including cats, dogs, and humans. [3] [4] [5] [6] Activation of plasminogen to form plasmin is a central event in the regulation of extra-and pericellular proteolysis in both physiological and pathological states, as plasmin is a nonspecific serine protease capable of degrading most extracellular proteins. 3, 7 There are two types of plasminogen activators (PAs): tissue-type plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA), both of which can catalyze the conversion of the inactive plasminogen zymogen to plasmin, as well as cause the activation of additional protease zymogens and other latent growth factors. 6, 7 The principal role of tPA involves the intravascular generation of plasmin for thrombolysis, whereas uPA is predominantly associated with degradation of the ECM. 7 The uPA system consists of the serine proteinases uPA and plasmin, two serpin plasminogen activator inhibitors (PAI; PAI-1 and PAI-2), the serpin plasmin inhibitor α 2 -anti-plasmin, and the cell surface uPA receptor (uPAR), a member of the glycosylphosphatidylinositol (GPI)-anchored protein family. 2, 3 Participation of uPAR in tumor invasion and metastasis involves the plasminogen activation dependent breakdown of the ECM and attachment of invasive cells to ECM components, which is mediated by the specific interaction of uPAR with its ligand, uPA. However, uPAR has also been implicated in tumor progression through mechanisms that are independent of plasminogen activation including extracellular signal transduction via interactions with low-density lipoprotein receptor-related protein, integrins, vascular endothelial growth factor, epidermal growth factor receptor, or platelet-derived growth factor receptor. 2, 8 Naturally occurring brain tumors develop in dogs and have been shown to share clinical, phenotypic, and molecular similarities with their human counterparts. 9, 10 This homology has driven interest in use of dogs with spontaneous brain tumors as models for the development and assessment of novel therapeutics. 9, 10 Although treatments targeting components of the uPA system have been investigated in human gliomas and meningiomas, [11] [12] [13] little is currently known about the expression or activity of uPAR/uPA in canine brain tumors. We hypothesized that uPAR/uPA would be overexpressed and active in canine brain tumors when compared with normal brain tissues. This would justify further development and evaluation of uPAR/uPA targeted molecular therapies in dogs.
Materials and methods

Tissue sources
Brain tumor samples included surgical biopsy or resection specimens, necropsy samples, or archival paraffin-embedded specimens from clinical cases presented to the Veterinary Teaching Hospital of the Virginia-Maryland College of Veterinary Medicine. Surgical and necropsy specimens were snap frozen in liquid nitrogen or immersed in Allprotect reagent (Qiagen, Valencia, CA, USA), and stored at -80°C within 30 minutes of collection. Normal brain samples (meninges, cerebral cortex, and choroid plexus) were collected from necropsy and archival paraffin-embedded materials from dogs with no clinical, magnetic resonance imaging, or histopathological evidence of brain disease (n=5). Clients provided written consent for their dog's tissues to be banked in a biospecimen repository and used for research purposes (IACUC Approval 13-153-CVM). Clinicopathological data were recorded from each canine subject including the breed, age, sex, tumor location, and analyses performed on each tumor (Table 1 ). All tumors were classified and graded by veterinary pathologists according to World Health Organization criteria by examination of hematoxylin and eosin (H&E) and glial fibrillary acidic protein, vimentin, or Olig-2 stained slides prepared from formalin-fixed, paraffin-embedded specimens, as previously reported. 9, 14, 15 uPar immunohistochemistry A 5-μm section was cut from each paraffin-embedded block, mounted on positively charged slides, placed in a drying oven at 40°C for 30 minutes, and then placed in a drying oven at 65°C for 30 minutes. Immunohistochemistry was performed using a procedure modified from a previously described protocol using an automated staining system (BenchMark XT; Ventana Medical Systems, Inc., Tucson, AZ, USA) and an alkaline phosphatase detection method (Enhanced Alkaline Phosphatase Detection Red Kit; Ventana). 16 Epitope retrieval was performed with Cell Conditioning 1 Solution (Ventana) at 96°C for 90 minutes, followed by rinsing in reaction buffer (Ventana). Following rinsing, slides were incubated with a murine anti-uPAR antibody (M7294, Clone; Dako, Santa Cruz, CA, USA; 1:25 dilution using antibody dilution buffer; Ventana) at 37°C for 2 hours, and then rinsed three times for 2 minutes each with reaction buffer. Slides were subjected to automated amplification (Amplification Kit; Ventana) for 16 minutes and endogenous biotin blocking (Blocking Kit; Ventana) for 8 minutes prior to the additional of the secondary biotinylated goat antimouse/antirabbit antibody for 30 minutes, and rinsed with reaction buffer. Slides were incubated with a streptavidin-alkaline phosphatase conjugate in Tris buffer with MgCl 2 and ZnCl (Ventana) for 30 minutes. Slides were then developed with a naphthol substrate and fast-red chromogen (Fast Red; Ventana) for 15 minutes, counterstained with Richard-Allan Hematoxylin, and dried at room temperature. Negative controls were performed by 1 μg/mL leupeptin, 1 μg/mL trypsin inhibitor, and 1 mM phenylmethylsulfonyl fluoride]) and incubated for 5 minutes at 37°C. Extracts were then centrifuged at 2500× g for 5 minutes to separate a detergent phase that contains mainly hydrophobic membrane proteins including GPI-anchored uPAR. Human HL-60 leukemia cell extracts prepared in SDS-polyacrylamide gel electrophoresis (PAGE) buffer (Enzo, Farmingdale, NY, USA) were used as a WB-positive control. The total protein concentration was obtained using uPar real-time quantitative polymerase chain reaction (rT-qPcr)
mRNA from canine tumors and brain tissues was isolated using an RNeasy kit (Qiagen) according to the manufacturer's instructions, and all mRNA samples were stored at -80°C before analyses. An iTaq Universal one-step kit (Bio-Rad) was used to perform the RT-qPCR, with β-actin serving as an internal control. The primers for uPAR (NCBI-ID XM_014119899.1) were 5′-GCCTTACCGAGGTTGTGTGT-3′ (forward) and 5′-CATCCAGGCACTGTTCTTCA-3′ (reverse). The β-actinspecific primers were 5′-CTGGAACGGTGAAGGTGACA-3′ (forward) and 5′-GGGAGAGGACTGGGCCATT-3′ (reverse). The uPAR primers used in this study were created using the Primer3Plus platform. 17 The specificity of the uPAR primers and their corresponding amplicons were evaluated in silico using the BLAST online tool. 18 uPAR mRNA expression was calculated as the fold-change relative to the β-actin control using comparative C T methodology. 9 uPa activity: casein-plasminogen zymography
The activity of uPA in tissues was analyzed by caseinplasminogen zymography using a previously described method. 19 Tumor homogenates (10 μg protein/lane) were separated by electrophoresis in 10% polyacrylamide gel copolymerized with 1 mg/mL of casein (Sigma) and 13 μg/mL human plasminogen (Sigma) under nonreducing conditions. Following electrophoretic separation, the gels were washed twice in 2.5% Triton-X 100 for 30 minutes, incubated with reaction buffer (50 mM Tris-HCl, 5 mM CaCl 2 , and 0.02% NaN 3 , pH 8.0) at 37°C for 18 hours, and then stained with Coomassie blue (Sigma). Purified, highmolecular weight (50 kDa) canine uPA (DUPA; Molecular Innovations, Novi, MI, USA) and human tPA (ab92637; Abcam, Cambridge, UK) were used as positive controls, and negative controls consisted of samples loaded on gels devoid of plasminogen. Specific inhibition of uPA activity was performed by running parallel gels, which contained 2 mM amiloride (Sigma). Amiloride is a selective inhibitor of uPA but does not affect other PAs. 20 
statistical analysis of WB and rT-qPcr
To test the null hypothesis that tumor type does not have an effect on uPAR expression, data were modeled by use of a Kruskal-Wallis one-way analysis of variance. To test the null hypothesis that tumor grade does not have an effect on uPAR expression, Jonckheere trend tests were done to compare tumor grade variability within tumor types. When significant differences were identified, Mann-Whitney tests were used for pair-wise comparisons. A Bonferroni's multiple comparison adjustment was used to confirm significant results. For all analyses, alpha was set at 0.05.
Results
canine tissue samples
A total of 37 primary canine brain tumor samples were included in analyses of uPAR expression and uPA activity (Table 1) . Of 37 samples, 21 were meningiomas, (Grade I, n=14; Grade II, n=7), 7 were astrocytomas (Grade II, n=2; Grade III, n=1; and Grade IV [glioblastoma; GBM], n=4), 6 were oligodendrogliomas (Grade II, n=3; Grade III, n=3), and 3 were choroid plexus tumors (Grade II, n=2; Grade III, n=1).
uPar immunohistochemistry
In normal brain tissue controls ( Figure 1A-F) , uPAR immunoreactivity was observed in rare microglia ( Figure 1D ) and vascular endothelium contained within the cerebral cortex, as well as consistently in the choroid plexus vascular endothelium ( Figure 1F ). No uPAR immunoreactivity was observed in normal meninges ( Figure 1B) .
The neoplastic epithelium in each of the choroid plexus tumors ( Figure 1G All astrocytomas (7/7) and oligodendrogliomas (6/6) were immunoreactive to uPAR ( Figure 1I-L) . Tumor cells in oligodendrogliomas and astrocytomas demonstrated cytoplasmic patterns of uPAR immunoreactivity. In all high-grade glioma samples, .30% of neoplastic cells were immunoreactive to uPAR ( Figure 1J and L) . The tumor vasculature within both astrocytomas and oligodendrogliomas demonstrated regionally variable immunoreactivity to uPAR but was universally marked in hyperplastic tumor vasculature ( Figure 1L ). In the two necropsy-derived GBM specimens, the most intense staining of the neoplastic cells and tumor vasculature was observed adjacent to areas of tumor invasion of the neuropil (data not shown).
Among meningiomas ( Figure 1M -R), 19 of 21 demonstrated immunoreactivity to uPAR, including 12 of 14 Grade I tumors and 7 of 7 Grade II tumors. In 6 of 14 Grade I meningiomas, uPAR immunoreactivity was predominantly localized to the endothelial cytoplasm within the tumor vasculature ( Figure 1P) , with ,5% of neoplastic cells demonstrating uPAR immunoreactivity in these cases. In 6 of 14 Grade I and 7 of 7 Grade II meningiomas, mildly to markedly intense cytoplasmic immunoreactivity was observed in tumor, stromal, and vascular endothelial cells. In Grade I meningiomas, uPAR immunoreactivity in these tumor cellular populations was mild and multifocal in 4 of 6 cases ( Figure 1Q and R), whereas in Grade II meningiomas uPAR immunoreactivity was intense and diffuse in 4 of 7 cases ( Figure 1N ).
uPar WB
WB documented expression of uPAR protein in all control and tumor tissues examined. In the positive HL-60 control as well as in some of the canine normal brain and tumor samples, two distinct bands were detected (Figure 2A ), one at a MW of 52 kDa and another at 46 kDa, corresponding to uPAR isoforms 1 and 3, respectively. Compared with normal brain tissues ( Figure 2B ), the expression of uPAR was significantly greater in all types of brain tumors, and uPAR expression in GBM was higher compared with all other tumor types and grades. The highest uPAR gene expression was seen in high-grade gliomas ( Figure 3) . Expression of uPAR in astrocytomas and oligodendrogliomas was higher compared with meningiomas (P,0.02) and choroid plexus tumors (P,0.04). No significant differences in uPAR expression were observed between meningiomas and choroid plexus tumors (P=0.43), or between astrocytomas and oligodendrogliomas (P=0.22). Differences in uPAR expression among tumor grades were observed, with expression in GBM being significantly greater than in Grade II and III astrocytomas (combined, P=0.004), and expression in Grade III oligodendrogliomas was also greater than in Grade II oligodendrogliomas (P=0.009). No significant differences in uPAR gene expression were observed between grades of meningiomas (P=0.67).
uPa activity: casein-plasminogen zymography
Casein-plasminogen zymography demonstrated lysis bands at molecular weights of 45-55 kDa, corresponding to uPA, and 65-70 kDa, identified as tPA, in all tissue samples ( Figure 4A and B) . In the presence of amiloride, inhibition of uPA lysis bands occurred at molecular weights of ~45-60 kDa, indicating specific uPA proteolytic activity in all tissue samples ( Figure 4C ). Qualitatively, uPA activity was detected in all tumor samples, with comparably little activity detected in normal brain tissues.
Discussion
Meningiomas, gliomas, and choroid plexus tumors account for ~50%, 35%, and 10% of all canine primary brain tumors, respectively. [21] [22] [23] Similarities in the clinical behavior, morphology, molecular signatures, and genetic aberrations have been observed between human and canine brain tumors, which has resulted in the emergence of the brain tumor bearing dog as a model for translational research. 9, 10, 24 While these tumors represent a phenotypically, clinically, and genomically heterogeneous group of cancers, a shared pathophysiological denominator that contributes to the challenges associated with their treatment is their ability to invade the brain parenchyma. 8 In this study, using several complementary methods, we have demonstrated that uPAR protein and mRNA are overexpressed and uPA activity is present in the most commonly encountered canine primary brain tumors.
Dysregulation of the uPAR interactome has been implicated as an important component of the pathogenesis of numerous human central nervous system disorders including Alzheimer's disease, autism, brain tumors, and epilepsy. Notes: Expression of uPAR is increased in brain tumors (*P,0.02) compared with normal brain tissues. Among tumors, uPAR expression was significantly higher in glioblastoma (***P,0.003) and Grade III oligodendrogliomas (**P,0.01). The numeral after each designation indicates the specific sample depicted. Abbreviations: nB.cont, normal brain control; Mn.cont, normal meninges control; ncP.cont, normal choroid plexus control; cii, grade ii choroid plexus tumor; ciii, grade iii choroid plexus tumor; Meni, grade i meningioma; Menii, grade ii meningioma; astroii, grade ii astrocytoma; astroiii, grade iii astrocytoma; gBM, glioblastoma; Oligoii, grade ii oligodendroglioma; Oligoiii, grade iii oligodendroglioma.
In human primary brain tumors, uPAR participates in numerous plasminogen activation dependent cell surface oncogenic processes including cellular invasion, migration, and distant metastatic seeding that are mediated via degradation of the BM and ECM. 1, 13, 25 Through its interactions with integrins, uPAR also regulates cell-signaling mechanisms involved in tumor cell proliferation, chemotaxis, angiogenesis, and protection from apoptosis. 2, 25 For systemic malignancies, it has also recently been hypothesized that uPAR upregulation in circulating tumor cells may be the submit your manuscript | www.dovepress.com
Dovepress
2084
rossmeisl et al switch that triggers dormant tumor cells to proliferate and initiate the brain metastatic cascade. 26 Our demonstration of uPAR expression in the tumor, stromal, and endothelial cellular fractions of multiple tumor types also suggests that uPAR may play a fundamental role in canine brain tumorigenesis.
The malignant potential of human meningiomas and gliomas has been correlated with uPAR expression, which parallels our finding of significantly increased uPAR expression in canine high-grade gliomas compared with other tumor types and grades. 1, 8, 13 Previous studies have shown that robust uPAR expression occurs at the invasive edges of malignant gliomas. 25 In a limited number of cases, we observed intense uPAR immunoreactivity at the interface of GBM where it effaced the neuropil. The role of uPAR-mediated proteolytic cleavage in canine glioma invasion requires further investigation.
Investigations in human brain tumors have demonstrated that uPAR is a pharmacologically tractable molecular target for diagnostic and therapeutic purposes. 12, 27 The results of this study also indicate that uPAR is an attractive target for exploitation in dogs with spontaneous brain tumors, which are a faithful animal model of human disease. 9, 10 The results reported here served as the justification for our development of a recombinant uPAR-targeted oncolytic Newcastle disease virus (NDV) for use in canine brain tumors. By genetically modifying a native LaSota NDV strain as previously described, such that the LaSota fusion (F) protein cleavage site is replaced with a uPA cleavage site, 28, 29 we have generated the LaSota-uPA recombinant NDV strain the F protein of which is cleavable exclusively by uPAR. A Phase I clinical trial investigating LaSota-uPA in canine meningiomas has been initiated. 30 
Conclusion
We have shown that uPAR is overexpressed in multiple microenvironmental compartments in canine meningiomas, gliomas, and choroid plexus tumors. This study provides a rationale to develop and assess uPAR-targeted therapeutic strategies in naturally occurring canine brain tumors. Abbreviations: nB, normal brain; ncP, normal choroid plexus; nM, normal meninges; +P, plasminogen-treated gel; Meni, grade i meningioma; Menii, grade ii meningioma; cii, grade ii choroid plexus tumor; Oligoii, grade ii oligodendroglioma; Oligoiii, grade iii oligodendroglioma; astroii, grade ii astrocytoma; astroiii, grade iii astrocytoma; gBM, glioblastoma; +P/+A, plasminogen and amiloride-treated gel; tPA, purified human tissue plasminogen activator control; uPA, urokinase-type plasminogen activator control.
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